INTRODUCTION
Sulphur vulcanisation systems for diene rubbers are based on a combination of curing agents, primarily sulphur, and accelerators, and further comprise activators, such as zinc oxide and stearic acid, and vulcanisation retarders. The choice of chemicals involved in vulcanisation, the dose added, the way they are combined to meet the manufacturing criteria for the rubber product and the properties required in the product itself, are a matter of trial and error, in the light of which the vulcanising system is designed.
A key element in the design is the accelerator combination: for instance Figure 1 and Table 1 show that if the primary accelerator is a benzothiazole such as MBTS or sulphenamide such as CBS, vulcanisation will be faster whichever secondary accelerator is chosen, be it a guanidine such as DPG or thiuram such as TMTD, but the rubber properties will be somewhat different. The great variation in rubber properties with simple differences in the combination of accelerators is thus a major factor in vulcanisation systems; how the various requirements can be met will be illustrated with reference to the com pounding of natural rubber. 
STRUCTURE AND THEORY OF VULCANISATION ACCELERATORS
Although the rubber chemicals that make up the rubber vulcanisation system are many and seemingly complex, their selection for investigation of the vulcanisation system need not be thought of as especially difficult. Accelerators in particular have a background of systematic evolution, and the properties of individual accelerators can be categorised primarily with reference to their basic structure [1] . Further insight can be gained by collecting data from the observation of behaviour in the initial stage of vulcanisation (interaction phase), intermediate stage (acceleration phase) and end stage (decomposition and side-reactions) with the aid of vulcanisation test equipment (rheometers, etc), and collating the data with the chemical structure of the chemicals used. The structure and properties of repre sentative groups of accelerator are set out below.
Thiazoles and sulphenamides
Thiazoles and sulphenamides have the mercaptobenzothiazole (MBT) structure in common. Because MBT and its amine salts or metal salts have an exposed thiol functional group, they react easily, providing an acceleration effect even at low temperature; on the debit side, the compounded rubber has poor scorch safety including stability in processing and storage. However, MBTS, whose structure comprises MBT dimerised by the formation of S-S linkages between thiol groups, has improved scorch safety compared with MBT. In sulphenamides (CBS, etc), MBT has formed -S-N-linkages with an amine (sulphenamide bonds), and they are possibly the easiest delayed action accelerators with which to assure processing safety. An additional advantage is that breakdown of the characteristic sulphenamide bond during vulcanisation produces MBT and a basic amine that accelerates vulcanisation reactions; MBTS can thus provide ample acceleration on its own. However, depending on conditions, the storage stability of the compounded rubber is not always satisfactory (at high temperature and humidity for example), and as an improvement, the sulphenamide comprising two molecules of MBT added to a primary amine (Santocure TBSI, CAS No.: 3741-80-8) may be the ultimate thiazole [2] . The same kind of structural relationship is evident in the dithiophosphoric acids: amine and metal salts and polysulphides are available, and may be chosen according to usage in the same way, an added dimension being their action as nitrosamine-free accelerators. Much the same may also be said of xanthates but the salts are ultra-fast accelerators and while the mono-and disulph ide compounds are weakly accelerating as sulphur donors, the polysulphide (Robac AS100, CAS No.: 137398-54-0) is a good sulphur donor.
Dithiocarbamate salts, thiurams, and others

Guanidines and others
Guanidines are basic accelerators; rarely ever used alone, they are used as secondary accelerators. Analogous in structure are the thioureas, though they are seldom used in diene rubber vulcanisation systems, being kept for some EPDM compounds and foam rubber systems. Accelerators similarly used are aldehydeammonia com pounds (H, etc) and aldehyde-amine compounds (BAA, etc).
CURING AGENTS IN COMBINATION WITH ACCELERATORS
Although the doses of vulcanisation system chemicals are small compared with the filler and other materials governing rubber properties, their effect is quite marked. Table 2 summarises typical sulphur cure modes. All have their own merits and shortcomings, but the impression is that there has recently been a growing tendency to employ semi-effective vulcanisation, which keeps the short comings in check. The accelerators of the semieffective cure system are often made up primarily of thiazoles and thiurams (dithiocarbamate salts), and a number of examples will be given that suggest the two compounds interact, indicating that interaction in this way cannot be discounted in vulcanisation design.
Vulcanisation retarding effect of thiazoles in combination with thiurams
Although the evidence is indirect, it can be inferred from the behaviour of the cure curve and analysis of the bloom that subsequently appears that the curing agent and accelerator interact chemically before the accelerating reaction proceeds. It is known, for example, that the use of thiurams in combination with thiazoles accelerates vulcanisation and increases scorch at ordinary doses and dose ratios. However, as shown in Figure 2 , just a little thiuram (high molecular weight or thiuram monosulphide) of relatively mild accelerating ability gives faster cure than MBTS alone while also stabilising scorch; a microdose region (the zone enclosed by a dotted line in the graph) is thus found to exist. This suggests that the two accelerators temporarily form a reaction intermediate as in Figure 3 with the result that the accelerating reaction is inhibited by mutual trapping. This is an important factor in regulating cure in an effective vulcanisation system, as opposed to a semi-effective vulcanisation system in which it is difficult for a retarder to act. As an example of a similar reaction, the reader is referred to several papers on the interaction of accelerator and silane coupling agents [3, 4] .
Reversion inhibiting effect of thiazoles in combin ation with thiurams
Reversion is known to occur when natural rubber, for example, is vulcanised at high temperature or for a long time. It has often presented a problem for rubber technologists. Figure 4 illustrates typical examples of reversion with cure curves. A gradual decrease in elastic torque and rise in viscous torque are evident beyond the maximum elastic torque (minimum viscous torque), revealing a state of reversion. Reversion hence indicates increased hysteresis loss, a fatal drawback for some rubber products.
It is well known that effective vulcanisation and semi-effective vulcanisation cure systems based on a thiazole plus thiuram combination display resistance towards reversion, but the combination is also effective in conventional vulcanisation systems. Figure 5 shows the reversion rate in use of the MBTS/TBZT combination; clearly, there is less reversion when the two are used together than when either MBTS or TBZT is used alone.
In particular, reversion is minimal at doses of MBTS 0.4 and TBZT 0.6 phr. Hence, quite apart from a reduction in the amount of sulphur, an anti-reversion effect is achieved by combining a thiazole and thiuram (which may be any Table 2 of dithiocarbamate salt, dithiophosphate salt, etc). The ratio of the two accelerators also has an effect.
Note here that the 4:6 ratio in which the accelerators are combined corresponds fairly well with the ratio of the constituent molecular weights of the thiazole and dithiocarbamic acid thiocarbamoyl compound in Figure 3 ; the thiocarbamoyl may be taken off as a stable compound (DBZM, CAS No.: 62652-32-8) at ambient temperature and pressure [5] . When its performance was evaluated, the compound gave the same reversion resistance at a dose of 1 phr, corresponding to the aforementioned MBTS: 0.4, TBZT: 0.6 phr, and essentially the same rubber properties were obtained, both static and dynamic. Another characteristic feature that may be identified in the use of DBZM is a vulcanisation retardant activity comparable with CBS, as in Figure 6 . DBZM, having both retardance and reversion resistance, may hence be expected to lend itself to thick rubber products for which both properties are needed. It should be added that the structure itself was documented as a vulcanisation accelerator back in the late 1920s (sulphenamides date from 1930) [1] .
Practical examples of vulcanisation systems
Some of the author's investigations of vulcanisation systems will now be reviewed. Like the routes of investigation, the results are many and varied. They are not meant to be the last word on the subject but are offered as a reference point for further investigation. Figure 7 shows the approach to improving compression set resistance (and heat resistance) with a typical conventional vulcanisation system A. The precondition is that the improved system should produce the same rate of cure and scorch safety, and the same general vulcanised rubber properties of rubber hardness, etc, as system A.
A semi-effective vulcanisation system B1 with a compara tively high sulphur addition was looked at first. As well as heat and compression set resistance being improved, the system was characterised by low hysteresis loss. However, it was somewhat lacking in scorch safety; combination with a retarder was considered, but it was decided to use a sulphenamide like CBS with a thiuram disulphide of relatively high molecular weight and mild accelerating capability such as TBTD, as in B2. The rate of cure and rubber hardness are adjusted by increasing the dose of TBTD somewhat.
C1 has a lower addition of sulphur than system B and both heat resistance and compression set resistance are improved; scorch safety was also satisfactory. However, as TMTD presents a risk of blooming, the less bloomsusceptible TBTD or TMTM were substituted for TMTD as in C2, and to compensate the vulcanisate properties, the system was rendered non-blooming by adding a sulphur donor, dithiodimorpholine (DTDM). The reason for using DTDM instead of increasing the dose of thiuram to compensate properties was that this enables retardation (presumably by mutual trapping with the accelerator). 
T/43
Conventional retarders tend not to be very effective in semi-effective vulcanisation systems, and should that be the case, the same solution is applicable.
D1 is a typical sulphur-free vulcanisation (thiuram vulcanisation) system. Although it offers the best compression set and heat resistance, it is almost invariably associated with blooming. To eliminate blooming, thought was given to the D2 vulcanisation system as baseline, but as compression set resistance then declines, the system was switched to D3. The zinc methacrylate (ZMA) in D3 is a sulphur-free curing agent; although generally encountered as a crosslinking promoter for peroxide curing, it improves heat and compression set resistance when used in sulphur vulcanisation at suitable doses. Since a little sulphur is still added to increase vulcanisation reactivity (elasticity, cure rate), D3 is essentially a semi-effective vulcanisation system. Figure 8 shows the approach taken in prioritising heat resistance for a typical conventional vulcanisation system F. As before, the conditions were kept the same as for F. A further aim was to improve reversion as well as heat resistance. Note that since F uses CBS, the rubber has much greater elasticity and a 10° higher hardness compared with A in Figure 7 , which used MBTS.
Practical examples of semieffective vulcanisation
A system G of improved reversion was first tried and although performance in terms of vulcanisate properties was acceptable, scorch safety was poor. Semi-effective vulcanisation systems like B2 and B3 were also explored but while heat resistance improved, rubber hardness was lower. Although rubber hardness would doubtless rise if DTDM were added, this would make cure unnecessarily slow.
A combination intermediate between B2 and B3 was therefore chosen and a system B4 was formulated with the addition of a large amount of TBZT. The results are shown in Figure 9 .
It is notable that the differences in properties between practical vulcanisation (Tc90) and prolonged vulcanis ation (60 min) with B4 are small compared with the differences from F. Stabilised crosslinking is unlikely to be the only factor; an additional factor would be the small amount of vulcanisation residue and unreacted vulcanisation system chemicals responsible for variation in properties (i.e. amount of deactivation). The results also illustrate the importance of what is popularly called "flat cure".
CURING AGENTS USED IN SULPHUR VULCANISATION
The sulphur-accelerator combination crosslinks the rubber via the formation of mono-to polysulphide structures whose proportions, density and distribution determine the vulcanisate properties. To impart additional functions and performance, however, hybrid crosslinking may be effected by adding non-sulphur crosslinking agents [6] .
Bismaleimide
The structure is rigid with excellent thermal stability and is able to impart compression set resistance and heat resistance. It does not have great reactivity when used in combination with sulphur vulcan isation, which was assigned a score of 3 (average) -The higher the score, the better the outcome -Low hysteresis loss was preferred -Small (slow) stress relaxation was preferred necessitates cure at high temperature (170°C or above) to drive the crosslinking reactions to completion. MBTS serves as a reaction catalyst (oxidising agent) in this situation.
Biscitraconimide
The structure is that of bismaleimide with an alkyl group added at both ends. The crosslinking reaction is less vigorous than with bismaleimide; it is highly effective as a reversion inhibitor, particularly when large rubber products with a natural rubber base are being vulcanised, i.e. in prolonged vulcanisation. Numerous other compounds have been tried as reversion inhibitors [7] .
Acrylate/methacrylate metal salts
The zinc and magnesium salts are generally used. They impart heat resistance and are particularly effective in suppressing decrease in elongation. Given that the crosslinks are in the form of metal ion bridges, it should be possible to modify the dynamic modulus ratio of the rubber by exploiting the slip that occurs between bridges. The effects are reminiscent of the properties of polymers of ionomer type.
Polypnitrobenzene
Poly-p-nitrobenzene is generally used in butyl rubber to prevent cold flow and enhance properties (increase stress). It is not widely known that the agent is also active toward diene rubbers. It is extremely reactive and has potential for application to dynamic partial crosslinking.
Crosslinking agents that provide heat resistance and flexibility
The agents A1 and A2 crosslink the rubber with hexamethylene dithiol (-S-CH 2 -CH 2 -CH 2 -CH 2 -CH 2 -CH 2 -S-) bridges, enabling the competing properties of heat resistance and reduced hysteresis loss to be achieved simultaneously with sulphur crosslinking. A1 preferably also uses a thiuram or dithiocarbamate salt to increase reactivity, while A2 is already highly reactive by virtue of its dithiocarbamate structure and also functions as an accelerator. B1, on the other hand, crosslinks rubber with dioxa-octanedithiol (-S-CH 2 -CH 2 -O-CH 2 -CH 2 -O-CH 2 -CH 2 -S-) bridges. As in the case of hexamethylene dithiol, it has outstanding thermal stability and a flexible crosslink chain, and can confer similar properties on the rubber. The crosslinking agent also acts as a sulphur donor when x is greater than 3 but since it lacks vulcanisation accelerating properties, cure requires an accelerator; a thiuram or dithiocarbamate salt may be used. Note that while it is possible to put together an effective vulcanisation cure system and obtain a rubber of excellent heat resistance and dynamic properties, compression set resistance is rather poor because of the flexible crosslinks.
CONCLUSIONS
As in compounding, the trial and error design of vulcanisation systems is a useful means of satisfying the many constraints imposed on rubber products. That much should be clear from the vulcanisation systems our predecessors formulated and the course of their investigations. 
